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Rho factor is a hexameric ring-shaped helicase
which terminates transcription in Escherichia coli.
Two recent crystal structures of Rho in complex with
nucleic acid reveal how this helicase ring loads onto
mRNA and encircles it.
RNA polymerases are among the most processive
macromolecular machineries known [1], and specific
mechanisms have evolved to part this polymerase from
its DNA substrate [2]. Two pathways for transcription
termination in the bacterium Escherichia coli have been
identified, and termination events are divided roughly
equally between them. Intrinsic termination is promoted
by a sequence at the end of the mRNA transcript which
forms a stem–loop structure, followed by an A-U rich
region [3]. The weak stability of the A-U rich region,
combined with the RNA stem-loop structure in the exit
channel of the RNA polymerase, forces mRNA to dis-
engage from the RNA polymerase and DNA [3]. The
other pathway requires a hexameric helicase called Rho
[2]. Rho factor attaches to the mRNA transcript and
uses its helicase function to track along the transcript
toward the moving mRNA polymerase [2]. Upon catch-
ing up with the polymerase, Rho catalyzes the disasso-
ciation of mRNA from genomic DNA and the RNA
polymerase [2]. 
Rho has been studied for decades, and the recent
crystal structures from the Berger lab [4] meld nicely
with previous studies to reveal the details of how this
hexameric helicase loads onto mRNA. Indeed, the
structure of Rho even has implications for how several
stable hexameric helicases load onto their substrates,
a long-standing question in the replication field. Two
structures are presented which visualize Rho bound to
nucleic acid, either with or without AMP-PNP, a non-
hydrolyzable analog of ATP. In both cases, the Rho
hexamer is a broken circle, resembling a ‘lock washer’
in appearance. The gap is approximately 12 Å wide,
sufficient to accept an mRNA strand into the center of
the hexamer. Open forms of Rho have been observed
previously by electron microscopy, but it was not
known whether these ‘notched’ forms were truly open
hexamers, or were just missing one or more protomers
[5,6]. The recent structure confirms that the open state
is indeed a hexamer and suggests how this hexameric
helicase loads onto the mRNA to encircle it.
The Rho monomer unit is constructed from two
domains, each of which binds RNA (Figure 1). The
amino-terminal domain, which contains the 1° mRNA-
binding site, loads onto the mRNA target sequence [7]
(referred to as ‘rut’). The carboxy-terminal domain,
which contains the 2° mRNA binding site, binds mRNA
for helicase/translocation activity [8]. The mRNA
bound to the 1° site is located toward the center of the
ring rather than the periphery, and the mRNA is
directed inward toward the central cavity (step 1 in
Figure 1) [4]. 
Earlier electron microscopy studies demonstrated
that the notched form of Rho was no longer visible in
the presence of nucleic acid, possibly because of ring
closure [6]. This observation, coupled with the new
structure [4], leads to a view of how mRNA is placed
into the center of Rho. Namely, mRNA is directed
from the 1° sites to the 2° sites that can be accessed
through the notched opening. If Rho is closed at the
time, the mRNA will remain proximal via interaction
with the 1° site until the open state is presented.
Perhaps mRNA binding to the 1° sites even promotes
the open form of Rho [6]. Upon RNA binding to the 2°
site(s), the ring closes (step 2) [5]. In the open form of
Rho, the catalytic elements of the ATP sites, located
at subunit interfaces, are not in proper register for
hydrolysis [4]. Ring closure may bring the catalytic
elements into register to commence ATP hydrolysis
[9], thereby propelling Rho in pursuit of the RNA
polymerase (step 3) [10]. In the final step, Rho
unwinds RNA from genomic DNA and the RNA poly-
merase disengages [2].
This advanced view of Rho helicase loading onto
nucleic acid has broad implications of how helicase
loaders function. The loading of stable hexameric
helicases onto DNA is thought to be mediated by a
ring-breaking mechanism [11]. In some cases, this
process is mediated by another protein, generically
referred to as a helicase loader. An extensively studied
helicase loader is the E. coli DnaC protein, which loads
the hexameric DnaB helicase onto replication origins
[12]. DnaC binds single-stranded DNA and may act like
the 1° site of Rho to direct single-stranded DNA into
the DnaB ring. DnaB is capable of self-loading onto cir-
cular single-stranded DNA, implying it may have a tran-
sient, open ‘notched’ state, as observed with Rho.
DnaC greatly stimulates DnaB helicase loading,
however, presumably by aiding the ring-breaking
process. But in contrast to Rho, DnaC inhibits DnaB
translocation and must dissociate to allow DnaB
movement [13]. For this action, DnaC has an ATPase
activity that ejects it from the helicase. This ATP-driven
step in DnaC, lacking in Rho, may provide regulatory
oversight to manage the replicative helicase. 
Examples of hexameric helicases that self load, like
Rho, are also known, such as SV40 large T-antigen and
phage T7 gp4 helicase/primase. T-antigen has a
sequence-specific DNA-binding domain required for
loading onto the origin [14], and this domain may act in
an analogous fashion to the amino-terminal domain of
Rho (the 1° site). But T-antigen must first disassemble
into monomers before it can encircle DNA, suggesting
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that it may not have access to an open state and there-
fore must monomerize to accept DNA through the
central channel [15]. Likewise, T7 gp4 has a primase
domain, which may serve a nucleic acid recognition
function for helicase loading [16].
The carboxy-terminal domain of Rho has a RecA-like
fold, which couples ATP-binding and hydrolysis to
protein conformational changes that propel the helicase
unidirectionally along nucleic acid. Many ring-shaped
helicases, such as E. coli DnaB, use a RecA fold to
accomplish this function, while others, such as
Mcm4,6,7, do this with an AAA+ fold [17]. The position-
ing of nucleic acid within the central channel helps ring-
shaped helicases translocate along nucleic acid for
extended distances, as disassociation from the nucleic
acid requires ring opening. In these proteins the ring
shape is also used to physically separate two DNA
strands during unwinding via a steric exclusion mecha-
nism [18,19].
In the final step of transcription termination, Rho
helicase unwinds the RNA transcript from the genomic
DNA [2], acting as a bona fide helicase that couples
ATP hydrolysis to nucleic acid unwinding [20]. Rho
catalyzed unwinding may be performed in an analo-
gous manner to other ring-shaped helicases. For
example, DnaB has a single-stranded DNA pump
located inside the central channel [18]. As the single-
stranded DNA pump pulls on the strand inside the
ring, the complementary strand is pulled as well [18].
If the complementary strand of DNA contains a bulky
attachment — such as a 3′ single-stranded DNA tail —
it cannot fit into the central channel of the DnaB ring,
and so this ‘sterically excluded’ strand becomes sep-
arated from the strand inside DnaB as the helicase
moves forward [18,19]. Thus, unwinding is the indirect
result of the single-stranded DNA pump coupled with
steric exclusion. This mechanism even provides the
DnaB ring with the ability to displace protein from
DNA [19]. It will be interesting to determine if Rho heli-
case disengages mRNA from RNA polymerase and
DNA in a similar manner.
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Figure 1. Rho factor: transcription termination in four steps.
In step 1, the amino-terminal domain of Rho factor (blue), which contains the 1° mRNA binding site, binds to the ‘rut’ sequence of the
mRNA transcript. Rho factor is shown as an open ring, but it may be in equilibrium between open and closed states at this step. In
step 2, the carboxy-terminal domain of Rho (orange), which contains the 2° mRNA binding site, binds the mRNA downstream from
rut, and the Rho hexameric ring closes. In step 3, the carboxy-terminal domain of Rho cyclically binds and hydrolyzes ATP to propel
itself along mRNA in the 5′ to 3′ direction. The amino-terminal domain may disengage from rut during this step. In step 4, Rho factor
acts as a helicase to couple ATP binding and hydrolysis to nucleic acid unwinding. This results in disengagement of the mRNA from
the genomic DNA and RNA polymerase (pink).
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